Magnesium is considered as promising metal for construction of temporary biodegradable medical implants like stents or fixation devices for fractured bones. A biodegradable implant progressively corrodes in human body fluids and is replaced by the healing tissue. This paper presents structural, mechanical and corrosion properties of as-cast Mg, Mg-3X (in wt. %, X = Zn, Sn, Gd, Nd), AZ31 (Mg-3Al-1Zn), AJ62 (Mg-6Al-2Sr) and WE43 (Mg-4Y-3RE-0.5Zr, RE = rare earths) alloys. All the alloys were composed of α-Mg solid solution and interdendritic intermetallic phases. Hardness and tensile strength increased with incresing the total amount of alloying elements. Moreover, rare earths elements showed strong strengthening effects. The best corrosion resistance in the simulated physiological solution was observed in the case of alloys containing rare earts elements.
Introduction
Magnesium shows a good combination of strength and low weight making it of interest in many structural applications in automotive and aerospace industry. Moreover, magnesium is also a promising metal for biodegradable medical implants, mainly fixation devices of fractured bones. The advantage of a biodegradable implant is that it slowly degrades in the human body and is progressively replaced by the growing hard tissue. No second surgery is needed which significantly reduces inconvenience to the patient, morbidity and health cost. Biodegradable magnesium alloys have been subjects of extensive research all over the world. The reason is that magnesium shows exceptional mechanical and physiological features. In terms of mechanical properties, magnesium is well compatible with natural bone. Its density (1.7 g/cm 3 ) and Young´s modulus (41-45 GPa) are closer to those of natural bone (1.8-2.1 g/cm 3 and ∼30 GPa) than is the case of other biomaterials used for fixations of fractured bones, like Ti alloys, stainless steels or Co alloys (approximately 100, 180 and 210 GPa, respectively [1, 2] ). It is known that an unmatched elastic modulus of an implant and bone may cause the undesirable "stress shielding" effect which is the inhomogeneous transfer of stress between the implant and bone leading to a reduction of the bone growth rate. The advantage of magnesium over biodegradable polymers (poly lactic acid) and ceramics (hydroxyapatite) is in a higher tensile strength and plasticity that is important for load-bearing applications like screws.
An attractive characteristics of magnesium is its corrodibility. Corrosion is the dominating degradation mechanism of magnesium implants in body environment. In this environment, a metal is exposed to a relatively complicated combination of various inorganic and organic substances, like chlorides, hydrogen carbonates, proteins, glucose and others [3] . It is known that the presence of chloride anions in the body fluids in approximately 100 mmol/l concentration is one of the factors accelerating the corrosion of magnesium alloys. According to the E-pH diagram of magnesium [4] , this metal corrodes in a wide interval of potentials above approximately -2.7 V, suggesting that the corrosion process is relatively insensitive to oxygen concentrations around implants in various anatomic locations. Regarding pH, corrosion of Mg occurs at pH below approximately 11 which is the case of the body environment. In strongly alkaline environments, magnesium passivates. The corrosion process of magnesium produces Mg 2+ cations, OH -anions and gaseous hydrogen (H 2 ) [5] . Both hydrogen evolution and alkalization of solution are harmful when they proceed too fast [6] , because they significantly change physiological conditions at implant/bone interface. Gas pockets forming around an implant corroding too rapidly would also delay healing of the bone tissue. As stated before, the corrosion of magnesium is accelerated in the presence of chloride anions. From the physiological point of view, magnesium is very important element for the human body [7] . It supports many enzymatic reactions, stabilizes DNA and RNA, is essential for normal neurological functions and energy metabolism. It also positively influences cell proliferation, bone growth and strength. The adult human body contains approximately 30 g of magnesium which is mainly concentrated in muscles and bones. The RDA (Recommended Daily Allowance) for magnesium is about 400 mg [7] and depends on the age and sex. Magnesium deficiency may cause cardiac arrhythmias, the development of atherosclerosis, vasoconstriction of coronary arteries or increased blood pressure. Therefore, magnesium is a popular component of various drugs and food supplements and its toxicity is not generally a problem, because the soluble products of its corrosion (see above) are efficiently controlled in the human body by homeostatic mechanisms and easily excreted by kidneys [7] . In recent scientific literature, numerous experiments devoted to the idea of using magnesium for biodegradable medical implants can be found [e.g. 2, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In these experiments and clinical studies, magnesium based devices, such as screws, open-porous scaffolds or stents, were successfully implanted to fix or repair the fractured bones or to repair damaged blood vessels. The experiments were conducted both on animals (rats, rabbits) and humans. The latest developments include magnesium biodegradable stents which were successfully clinically tested on humans in the first decade of 21 th century [9] . In addition, magnesium based screws were recently shown to have excellent biocompatibility and bone-implant interface strength [16] . Despite these results, commercial medical implants containing Mg alloys are still not available. The reason is that magnesium is special light metal and, in order to be a successful biomaterial, it requires complex and specific knowledge covering metallurgy, corrosion, mechanical and biological characteristics. However, the advantages of magnesium alloys and benefits from biodegradable metallic implants are still the challenge and motivate extensive research in this field all over the world. Pure magnesium is not suitable for biodegradable bone fixation devices, due to its low mechanical strength. Therefore, magnesium alloys have been mainly considered in these applications. Until present, studies of biodegradable magnesium based alloys have been focused
, ZK (Mg-Zn-Zr), Mg-Ca and Mg-Zn-Ca alloys (according to ASTM designation, RE-rare earths) [7, 9, 10] . The majority of these alloys were originally developed for engineering applications in automotive and aerospace industries. However, in the case of biomaterials, alloying elements must be selected very carefully and potential toxicological elements must be minimized or avoided. Among them, aluminum, as often used alloying element, is still under discussion, because some studies indicate its influence on neurons [6] . But Al has strongly positive effects on mechanical properties of Mg. In this study we explore several Mg-based materials containing alloying elements like Al, Zn, Sn, Sr, Y, Zr, RE (rare earths metals). All of these alloying elements are generally considered as basically safe or less problematic for biomedical applications. Among them, zinc is one of the most abundant nutritionally essential elements which supports immune system [5, 11] . Tin is also relatively non-toxic. Strontium, yttrium, zirconium and RE elements which have strongly positive effects on strength and corrosion resistance of magnesium alloys are also used, although biological functions of these elements are not exactly known. But recently, alloys containing these elements generally showed a good biocompatibility [14, 17, 18] .
Experimental Condition
In this study, as-cast Mg, four binary Mg-3X (in wt. %, X = Zn, Sn, Gd, Nd) and three commercial AZ31 (Mg-3Al-1Zn), AJ62 (Mg-6Al-2Sr), WE43 (Mg-4Y-3RE-0.5Zr, RE = rare earth metals) alloys were investigated. Concentrations of alloying elements were selected to be relatively low to ensure a good biocompatibility of alloys. The investigated alloys were prepared by melting of pure metals in an induction furnace under argon. After a sufficient homogenization of the melt, the alloy was poured into a brass metal mold to produce a cylindrical ingot of 20 mm in diameter. The commercial AZ31, AJ62 and WE43 alloys supplied by an industrial supplier were remelted under argon to produce ingots of the same dimensions. Structure, mechanical and corrosion properties were studied in the as-cast state. The structure of the alloys was studied by light microscopy (LM) and scanning electron microscopy (SEM, Tescan Vega 3) with energy dispersion spectrometry (EDS, Oxford Instruments Inca 350). The phase composition was determined by X-ray diffraction (XRD) analysis using an X´Pert Pro diffractometer (30 mA, 40 kV, X-ray radiation Cu K α ) and by EDS. Mechanical properties were characterized by Vickers hardness tests with a loading of 5 kg (HV5) and by tensile tests (LabTest 5.250SP1-VM). Rod samples for tensile testing of 10 mm in diameter and 100 mm in length were directly machined from the cast ingots. The corrosion behavior of the alloys was studied by immersion tests in a simple simulated physiological solution (9 g/l NaCl). This solution contained aggressive Cl -anions to assess differences between corrosion performances of the alloys. In the immersion tests, coupons (20 mm in diameter, 2 mm thick) were immersed in 250 ml of the solution for 168 hours at 37°C. To prevent evaporation loss of the corrosion medium immersion tests were carried out in closed vessels. The exposition in a closed system also better simulates a biodegradable implant tightly surrounded by a hard tissue like, for example, a screw for fixation of fractured bone. After immersion tests, corrosion products were removed using a solution of 200 g/l CrO 3 , 10 g/l AgNO 3 and 20 g/l Ba(NO 3 ) 2 according to ISO 8407. The corrosion rates were calculated (mm/yr) using the weight losses measured on a balance with an accuracy of 0.1 mg according to ASTM G31-72. Fig. 1 illustrates optical micrographs of the studied as-cast alloys. Except for pure Mg and WE43 alloy, the structures of all the other materials are similar and contain dendritic patterns typical for the as-cast state. Due to a relatively high cooling rate during casting, the α-Mg dendrites (light) are relatively fine with an average dendrite arm thickness of 20-30 µm. In pure Mg (Fig. 1a) dendrites are not visible, and the structure contains only large grains. The structure of the WE43 alloy (Fig. 1h) is very fine with an average grain size of approximately 30 µm due to the presence of Zr in this alloy. Zr is known to be a strong grain refiner for Mg based materials [19] . Dendritic pattern is not visible due to a very small grain size.
Results and discussion
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Fig.1 Light micrographs of the investigated alloys.
As indicated by x-ray maps of selected alloys, see Fig. 2 , the interdendritic regions are always enriched in main alloying elements and contain intermetallic phases (light in Fig. 2 ). In the case of the WE43 alloy (Fig. 1h) intermetallic phases are located at and close to grain boundaries. Chemical compositions of intermetallic phases were determined by combination of XRD and EDS. Table 1 Ad 1) Hall-Petch hardening is caused by grain (dendrite) boundaries which represent effective barriers against dislocation slip. As is shown in Fig. 1 dendrites in the alloys are relatively fine and, in addition, the WE43 alloy also contains fine grains of a few tens of µm in size. In contrast, the pure Mg is composed of large grains with lengths exceeding 1 mm (Fig. 1a) , therefore, Hall-Petch contribution is small.
Ad 2) Solid solution hardening results from the presence of solute atoms in the α-Mg solid solution in which they substitute atoms of Mg. But solute atoms are characterized by different atomic sizes in comparison with Mg. As a consequence, an elastic lattice strain is induced which hinders the dislocation motion. Generally, the larger the atomic size mismatch between Mg and solute atoms, the more pronounced the solid solution hardening. Ad 3) All the Mg-based alloys presented in Fig. 1 have composite-like structures comprising the soft α-Mg phase and hard intermetallic phases (Table 1) . Hard intermetallic phases hinder the slip motion of dislocations. Additionally, the mechanical stress in partially transferred from the α-Mg phase to hard and strong intermetallic particles which also contributes to hardening (strengthening). Based on the above statements, it is not surprising that the materials having large amounts of additives, like the WE43 and AJ62, possess the highest hardness and strength levels. But large concentrations may be problematic in term of biocompatibility. By comparing the binary Mg3Zn and Mg-3Sn alloys on one side with the Mg-3Gd alloy on the other side, one can conclude that Gd exhibits more pronounced hardening and strengthening effects. A large atomic size mismatch between Mg and Gd may be one of the reasons for this difference. Moreover, a high solid solubility of Gd in Mg may also play a role [20] . From the medical point of view, the AZ31 and AJ62 alloys are problematic due to the presence of Al. The pure Mg can be expected to have a good biocompatibility, but its very low strength and hardness strongly limits the use of Mg for load bearing implants. Mechanical properties in Fig. 3 indicate that the complex WE43 alloy and binary Mg-3Gd might be promising for production of fractured bone fixations. It should be noted that the commercial biodegradable materials based on poly lactic acid (PLA) are limited by tensile strength values of only approximately 50 MPa. Therefore, the Mg-based materials given above appear as much more suitable for load bearing implants. Corrosion rates of the alloys in the simulated physiological solution are summarized in Fig. 4 . One can observe that the WE43 and Mg-3Gd alloys are highly corrosion resistant as compared to the pure Mg and other alloys. intermetallic phases are created in the structure and galvanic effect is reduced. This behavior is generally referred to as "scavenger effect" [21] .
Fig.4
Corrosion rates (in mm per year) of the alloys in the simulated physiological solution.
As indicated before, the corrosion process of magnesium produces Mg 2+ cations, OH -anions and gaseous hydrogen (H 2 ) via the following anodic and cathodic reactions [5] :
But in the presence of OH -anions a solid product may form on the surface of Mg:
Magnesium hydroxide protects the surface of Mg in strongly alkaline environments. But in neutral, acidic environments and in the presence of chloride anions, the protective effect of Mg(OH) 2 decreases. The positive influence of rare earth metals on the corrosion resistance (Fig.  4) can also be explained by their incorporation into the Mg(OH) 2 layer. EDS analysis proved the presence of REs in concentrations of several wt. % in corrosion products. It can be assumed that rare earth atoms improve the stability of Mg(OH) 2 and increase its protective effect against corrosion [22] . In hydroxide lattice, REs form three-valence cations substituting Mg 2+ cations, therefore, they locally increase the positive charge. This increase is balanced by interaction with negative Cl -anions and, as a result, the penetration of harmful Cl -anions through the hydroxide layer to the metallic substrate is slowed down [22] . The corrosion resistance of the as-cast Mg3Gd alloy is also supported by the fact that a large portion of Gd in this alloy is concentrated in the α-Mg solid solution, as indicated by the high solid solubility of Gd in Mg [20] . The volume fraction of the more noble Mg 5 Gd intermetallic phase (Table 1) is relatively low in this alloy and, moreover, this phase is surrounded by a strongly Gd-enriched α-Mg phase. Therefore, the contribution of the galvanic corrosion is small.
Conclusions
In this study we explored Mg-based materials containing Zn, Sn, Gd, Nd, Y, Zr, Al and Sr. All these alloying elements are generally regarded as basically acceptable for biomedical applications, at least in low concentrations. Medical implants, especially load bearing fixation devices of fractured bones, require a combination of a good biocompatibility, hardness (wear resistance), strength and corrosion resistance in body fluids. Our results imply that the binary Mg-3Gd and complex WE43 alloys meet best these criteria. These alloys reach much better mechanical properties than the today´s commercial biodegradable poly lactic acid. In addition, they exhibit excellent corrosion resistance in the simulated physiological solution. But, further intensive studies devoted to biocompatibility of these alloys are in progress.
